Geophone orientation azimuths were found from 3D VSP data, acquired near Lousana, Alberta, in order to examine any dependence of computed geophone orientation on source-well offset or azimuth. Additionally, a comparison was made between analytic and hodogram methods. The dataset was divided based on source-well azimuth into bins with centers trending 0°-180°, 45°-225°, 90°-270° and 135°-315°. There appeared to be little dependence on source-well sector azimuth, which is expected for flat, isotropic geology near the well. Offsets were binned into ranges of 0-600 m, 600-950 m, 950-1300 m, 1300-1650 m and greater than 1650 m. Scatter in rotation angles was shown to be strongly dependent on offset, with the most constrained results in the 1300-1650 m offset bin. The optimal offset range for geophone orientation calibration was found to be between 1 and 2 times the receiver depth. Standard deviation in orientation azimuths were found to be 1.66° using the analytic method, and 2.17° using the hodogram method from a total of 249 source locations. While the both methods performed well, the analytic method produced more consistent results.
Introduction
Multi-component borehole geophones are used traditionally in the acquisition of vertical seismic profiles (VSP) and increasingly in microseismic monitoring, in which data recorded by these geophones are used to determine the hypocentres of microseismic events associated with hydraulic fracturing. However, when deploying these geophones into a well they will rotate, resulting in an unknown orientation of their horizontal components once installed. In order to determine the orientation of these borehole geophones, calibration surveys are required, often using surface seismic sources. The accuracy of these calibrations will affect the accuracy in locating microseismic events (Eisner et al., 2009 ) as well as for VSP imaging and analysis, particularly for PS waves (Müller and Soroka, 2010) . Geophone orientation analysis also has applications to ocean bottom seismic experiments; Li and Yuan (1999) performed such an analysis on seismic data acquired with 3-C ocean bottom nodes in the North Sea. In this project, the orientation azimuths of 3-component receivers in a downhole tool were determined from first arrival analysis of the horizontal components and were examined for consistency, for a large range of surface source offsets and azimuths. The methods that were used to find geophone orientation were an analytic method developed by DiSiena et al. (1984) , as well as hodogram analysis.
Study area
In July 2007, several vertical seismic profile (VSP) surveys were acquired for EnCana, using a vertical well near Lousana, Alberta; these comprise a zero offset VSP, 3 2D walkaway VSP's and a 3D VSP. This study focuses on geophone orientation analysis performed on the 3D survey; this consisted of 249 source locations with a maximum offset of 3255 m ( Figure 1) ; the survey used a pair of geophone tools with eight 3-component geophones and used dynamite as a source. An example of a common shot gather from the 3D VSP survey, for the horizontal components from a near-offset shot, are shown in Figure 2 . 
Methods
An analytic solution for calculation of geophone rotation angle is given by (DiSiena et al., 1984) :
Orientation analysis of borehole geophones: calibration consistency
where ⊗ is a zero-lag crosscorrelation operator, X and Y are the windowed horizontal component data and θ is the angle between the x-component and source. For this study, a window of 100 ms was used, beginning at the first break. In the case of a vertical well, this angle can be converted into an azimuth relative to North, φ r , by
where φ s is the source azimuth from the well.
In addition to the analytic solution described above, orientation analysis was undertaken by hodograms. Figure  3 shows a sample hodogram for a near offset shot, along with the calculated line of best fit. The source-receiver angle is found by taking the inverse tangent of the slope. 
Results
In order to examine consistency of the relationship of geophone orientation and source-well azimuth, that dataset was divided into 4 bins based on the source-well azimuth (Figure 4 ). Bin centers were lines trending at 0°-180° (Bin 1), 45°-225° (Bin 2), 90°-270° (Bin 3) and 135°-315° (Bin 4) azimuths. It should be noted that, due to the acquisition geometry, there was a large variation in the number of source locations between each bin. Figure 5 shows orientation azimuths calculated using the analytic method, plotted against offset. For all receivers, the calculated angles become much less scattered beyond about 300-500 m source-well offset, or about 1/3 of the geophone depth. It is difficult to discern any noticeable difference between angles calculated in each of the bins; however, the lower number of source locations and more restricted offsets in Bins 1, 2 and 4 is noticeable. Figure 8a depicts the standard deviation for the analysis of the entire 3D VSP survey, for both methods, against receiver depth. These results include removal of outliers and shots nearer than 300 m; an outlier was judged to be any data point greater than three standard deviations away from the mean after the initial analysis. It can be seen here that, in most cases, the analytic method outperforms the hodogram method. However, the two methods are comparable; the standard deviations in orientation azimuths averaged 1.66° for the analytic method and 2.17° for the hodogram method. The differences in mean orientation angle calculated (Figure 8b ) never exceeded 0.5°, and the majority were below 0.1°. Overall, there is an acceptably low amount of scatter using either method. In order to more closely examine the relationship between offset and scatter in orientation angle, data were binned at different offset panels: 0-600 m, 600-950 m, 950-1300 m, 1300-1650 m and greater than 1650 m. The numbers of shots used in each bin are 45, 47, 56, 46 and 47 respectively. Figure 9 shows the standard deviation as a function of offset bin and geophone depth. There is a strong relationship between the standard deviation and offset bin; each receiver reaches a minimum scatter in the 1300-1650 m offset range. This is more closely examined in Figure 10 , which shows curves representing the 600-950 m, 950-1300 m and 1300-1650 m bins. It is interesting to note that the two latter bins have markedly less scatter in orientation angle than results involving all offsets. 
Method comparison and offset binning

Discussion
The geophone orientation results from this study resulted in robust outcomes. The scatter in the 3D VSP data changed significantly when the data were split into separate bins, although the mean angles were similar. This is an interesting effect, and shows that statistical calculations can be sensitive to the approach used.
The results found using the binned calculations do not show any clear indication that, in this area, there is any azimuthal dependence of borehole geophone orientation analysis. Direct examination of the orientation angle versus source-well azimuth shows only a subtle trend. The consistency of the orientation angles can be interpreted to mean that the local geology is likely azimuthally independent, consisting of flat, isotropic layers.
Finally, comparison of the analytic and hodogram methods revealed that the two are similar, though the analytic method gave about 25% less scatter in computed azimuths. The means of the two methods were nearly identical. The similarity of results through both of these methods gives confidence that each of them can estimate reliable information about geophone orientation.
Conclusions
• Geophone orientations for the 3D dataset were found using the DiSiena (1984) analytic method, and a hodogram method. The standard deviations were 1.66° and 2.17° respectively.
• Absolute difference in mean angles between the two methods averaged 0.12°.
• The analytic and hodogram methods of calculating geophone orientation azimuth produced comparable results overall; however, the analytic method was found to consistently give slightly less scatter and thus produced better results.
• Calculated geophone orientation azimuths were found to have very little dependence on source-well azimuth. This is expected for flat, isotropic geology.
• Scatter in orientation angle reduced noticeably as source locations became farther than 600 m from the well. The scatter minimized at an offset of 1650 m.
• The optimal offset range for geophone orientation calibration was found to be in the range of 1-2 times the receiver depth.
Future work
Currently, work is underway to examine the effects of dip and anisotropy on these calibrations.
